Abstract: Six series of structurally different mono-and binuclear copper(II) complexes 5-10 were obtained by reacting N- (2-pyridyl)imidazolidin-2-ones (1a-l), N,N'-bis(2-pyridyl)imidazolidin-2-ones (2a,b), N-acyl-N'(2-pyridyl)imidazolodin-2-ones (3a-j) and N-(2-pyridyl)imidazolidine-2-thiones (4a-g) with copper(II) chloride at an ambient temperature. The coordination modes of the complexes obtained were established by elemental analysis, IR spectroscopic data and single crystal X-ray diffraction studies. The in vitro cytotoxic activities of both the free ligands and copper(II) complexes were evaluated using a crystal violet microtiter plate assay on five human tumor cell lines: LCLC-103H, A-427, SISO, RT-4 and DAN-G. The free ligands 1-4 at concentration attainable in cancer cells of 20 μM showed no meaningful cytotoxic effect with cell viability in the range of 88%-100%. The most potent copper(II) complex of 1-(6-ethoxy-2-pyridyl)imidazolidin-2-one (6b) exhibited selective cytotoxicity against A-427 lung cancer cell line, while the complexes of 1-(5-methyl-2-pyridyl)imidazolidine-2-thione (5h) and
Introduction
Among the transition metals copper occupies a unique position with respect to its biological role. Copper, which is found in living organisms, is an essential cofactor in a number of enzymes and is involved in the function of several proteins and physiological processes such as cell metabolism, mitochondrial respiration, antioxidation processes, synthesis of some active compounds [1, 2] . Additionally, copper a redox-active metal may form stable complexes with chelate ligands containing donor atoms such as nitrogen, sulfur or oxygen [2] .
In the field of medicinal chemistry it has been found that complexes of transient metals such as copper may possess a higher biological activity compared to the free ligands, with lower toxicity and improved physicochemical properties [3] . Moreover, coordination may lead to significant reduction of drug-resistance. Therefore a considerable research has been devoted to the synthesis of copper compounds which exhibit anticancer [3] [4] [5] [6] [7] [8] [9] [10] , SOD-mimicking [11] [12] [13] , antimicrobial [14] , anti-parasitic [15] and anti-inflammatory properties [16] .
Recently, our attention has been focused on the cyclic analogues of N-aryl(heteroaryl)ureas and N-aryl(heteroaryl)thioureas of type I (Figure 1 ) with proved anticancer activity [17] [18] [19] . In this paper, we wish to report the results of our studies on the synthesis and reactions of cyclic ureas and thioureas of Type 2 ( Figure 1 ) with copper(II) chloride, X-ray structure determination of the complexes obtained, as well as the results of evaluation of their in vitro cytotoxic activity against several human tumor cell lines. 
Results and Discussion

Synthesis of Ligands
Two series of chelating ligands 1a-l and 2a-b with N, O or S donor atoms are shown in Scheme 1. The bidentate ligand 1a and tridentate ligand 2a were prepared by copper-catalyzed N-heteroarylation of 2-imidazolidinone, i.e., by reacting 2-imidazolidinone with 2-iodopyridine in the presence of CuI, N,N'-dimethylethylenediamine and K2CO3 in n-BuOH at 100 °C [20] . The substituted ligands 1b-l and 2b were obtained according to the previously described α-ureidation of corresponding pyridine-N-oxides with 2-chloroimidazoline [21, 22] . 1f, R = 6-OCH 3 ; 1g, R = 4-OCH 3 ; 1h, R = 6-OC 2 H 5 ; 1i, R = 6-n-OC 3 H 7 ; 1j, R = 6-i-OC 3 H 7 ; 1k, R = 6-CH 3 , 4-OC 2 H 5 ; 1l, R = 6-n-OC 4 H 9 Novel N-acyl-imidazolidin-2-one tridentate ligands 3a-j suitable for preparation of the coordination compounds were obtained by the treatment of 1 with acetyl or butyryl anhydride, as shown in Scheme 2. On the other hand, imidazolidin-2-ones 1 were also converted into the corresponding imidazolidine-2-thiones using standard method with Lawesson's reagent in boiling toluene (Scheme 2). 3a, R = 5-CH 3 , R 1 = CH 3 ; 3b, R = 4-CH 3 , R 1 = CH 3 ; 3c, R = 4-CH 3 , R 1 = C 3 H 7 ; 3d, R = 4-C(CH 3 ) 3 , R 1 = CH 3 ; 3e, R = 4-C 6 H 5 , R 1 = CH 3 ; 3f, R = 4-C 6 H 5 , R 1 = C 3 H 7 ; 3g, R = 4-(CH 2 ) 3 C 6 H 5 , R 1 = CH 3 ; 3h, R = 4-OCH 3 , R 1 = CH 3 ; 3i, R = 4-OCH 3 , R 1 = C 3 H 7 ; 3j, R = 4-OCH 2 C 6 H 5 , R 1 = CH 3 4a, R = H; 4b, R = 6-CH 3 ; 4c, R = 5-CH 3 ; 4d, R = 4-CH 3 ; 4e, R = 4-C(CH 3 ) 3 ; 4f, R = 4-C 6 H 5 ; 4g, R = 6-OCH 3 
Scheme 2. Preparation of novel N-acyl-imidazolidin-2-ones 3a-j and imidazolidine-2-thiones 4a-g.
Synthesis and Structure of Cu(II) Complexes
The reaction of N- (2-pyridyl) imidazolidin-2-one(thione) ligands 1, 2, 3 and 4 with CuCl2 were carried out at room temperature in either DMF or methanol solution containing 1% of water. Crystals suitable for the X-ray analysis were obtained by slow evaporation of the solvent. According to the X-ray data collected during the study, the following sequence of events is involved in this reaction yielding complexes with different geometries depending on the nature of ligand (Scheme 3):
(i) Initial formation of the LCuCl2 complex of type 5 from bidentate ligands (2-alkyl-pyridines) with tetrahedral or square planar configuration, or five-coordinate 6 from tridentate ligands (2-alkoxy-pyridines) with square pyramidal or trigonal bipyramidal configuration.
(ii) Four-coordinate complex 5 can then react with a molecule of water to give a five-coordinate complex 7.
(iii) Complexes of type 5 can also form di-μ-chloro dinuclear five-coordinate [Cu2(L)2Cl4] complexes of type 8 or react with a second molecule of ligand to give octahedral [Cu(L)2Cl2] complexes of type 9.
(iv) A geometrical change occurs upon dissociation of a weakly bonded axially coordinated chloride anion from 9, leading to square pyramidal complexes 10 with the same sp It should be pointed out, that the preferential formation of a particular complex type may depend on solubility of 5, i.e., precipitation of 5 prevents subsequent formation of 7, 8, 9 and 10. It is also possible that several species are in equilibrium in solution, and which are obtained in crystalline form depends on solubility, crystallization kinetics and other, medium dependent, properties. List of ligands 1-4 and corresponding complexes 5-10 obtained is presented in Table 1 . Notes: † Numbers in bold denote complexes whose structure was confirmed by X-ray analysis; * Ligand prepared according to ref. [21] .
Copper(II) complexes exhibit a variety of irregular stereochemistries as a result of the lack of spherical symmetry of this d 9 ion. Classification of coordination geometry of the obtained complexes was accomplished based on the equation described by D. Venkataraman and co-workers (Equation (1)), which determines the best fit of the observed structure of complex compound to the ideal coordination polyhedra [23] . The best fit shows minimum of deviation in ligand-copper-ligand bond angles (<L-Cu-L) between the observed coordination structure and the reference polyhedra with the same coordination number (CN). Such classification is unambiguous since a unique set of angles exists for each of the reference polyhedral. Hence, the coordination geometry is classified as polyhedron that gives the smallest value of the average angular displacement (ΔΘ) according to the following Equation (1):
where: n-coordination number, Θi-the angle of the observed structure, Θ°i-corresponding valence angle of the reference polyhedron under consideration, ΔΘ-evaluation of the average angular displacement. For example, in the case of a complex 5b with coordination number n = 4, the number of valence angles < L-Cu-L, according to the formula n = (n/2) × (n − 1), is 6. The geometry of this complex may be: square planar with ideal angles of 90, 90, 90, 90, 180, 180 (°) or tetrahedral with angles 109.5, 109.5, 109.5, 109.5, 109.5, 109.5 (°). Comparison of the observed angles in the structure of 5b ( Figure 2 , Table 2 ) with ideal values of each polyhedron geometry angles determined by the value of (X vs. Y vs. Z) indicates that the coordination geometry in CuNOCl2 core is intermediate between square-planar and tetrahedral, however, the copper ion adopts geometry that fit best to the square planar (ΔΘ = 17.79 for square planar vs ΔΘ = 18.72 for tetrahedral geometry). A similar distorted square planar coordination geometries were found in crystals of imidazolidine-2-thiones 5h, 5i and 5j ( Figure 2 , Table 2 ). Figure 2 . ORTEP [24] representation of molecular structure of 5b, 5h, 5i and 5j.
Ligands 1 and 4 containing alkoxy group at position 6 of pyridine ring form mononuclear five-coordinate (4 + 1) copper(II) complexes with the central atom chelated by neutral ligand and bound to two chloride ions and oxygen of alkoxy group. In the complex 6a both pyridine and imidazolidine rings are approximately planar with N1-C2-N7-C8 torsion angle of 14.4°. As exemplified by the crystal structure of 6a ( Figure 3, Table 3 ), the geometry around Cu(II) is best described as distorted trigonal bipyramid. Atoms -Cu1-N1-C2-C8-N7-O12-form six-membered ring and atoms -Cu1-N1-C6-O13-form four-membered ring of considerable tension. The length of the bond between the atoms Cu1 and O13 of the methoxy group is longer (2.647 Å) than that between Cu1 atom and the oxygen atom O12 of the carbonyl group (1.994 Å). Interesting five-coordinated mononuclar complex 7 was prepared by reacting equimolar amount of 1,3-bis(4-methyl-2-pyridyl)imidazolidin-2-one (2b) with copper(II) chloride in methanol containing 1% of water. Elemental analysis data suggested the presence of water molecule in the complex compound, which was confirmed by IR spectrum revealing a broad absorption band with a maximum at 3372 cm . X-ray analysis ( Figure 4 , Table 4) indicate that the molecule 7 is not isostructural with 6a, but it does have a similar molecular structure. Thus, central atom chelated by neutral ligand 2b and bound to two chloride ions and oxygen of H2O. The coordination geometry around the central atom is best described as distorted trigonal bipyramid due to differences in the five Cu-donor bond lengths. Figure 4 . ORTEP representation of molecular structure of 7.
1,3-Bis(2-pyridyl)imidazolidin-2-one (2b) and 1-acyl-3-(2-pyridyl)imidazolidin-2-ones (3a-j) subjected to the reaction with copper(II) chloride gave rise to the formation of the products 8a-k, which appear to be binuclear five-coordinate di-μ-chloro copper(II) complexes. The determination of the three-dimensional structure of the complexes 8a and 8c by X-ray diffraction ( Figure 5 , Table 5) indicates that symmetrical coordination polyhedra of these complexes are square-pyramidal with the central atom displaced from the plane of the four basal atoms towards the apical position. It is noteworthy, however, that the arrangement of ligands in both complexes is different. Thus, in 8c the apical position is occupied by non-bridging Cl atom which is basal to the other copper in the dimer, while complex 8a incorporates O atom in that position. Figure 5 . ORTEP representation of molecular structure of 8a and 8c. Displacement ellipsoids are shown at the 50% probability level. Only the symmetry independent part of the molecule is labelled. N-(5-methyl-2-pyridyl)imidazolidin-2-one (1c) reacted with copper(II) chloride with the formation of mononuclear complex trans-CuCl2L2 (compound 9, Figure 6 , Table 6 ). A similar structure was previously obtained using N,N'bis(2-pyridyl)urea [25] . The six-coordinate copper ion sits upon crystallographic inversion center, with ligand chelated through its oxygen atom and 2-pyridyl nitrogen atom. The axial positions are occupied by two chloride ligands. The bond angles around the copper ion are close to 90°, indicating a slight distortion of the octahedral coordination sphere. Figure 6 . ORTEP representation of molecular structure of 9. Displacement ellipsoids are shown at the 50% probability level. Only symmetry independent part is labelled. 180.00(9) Cl1-Cu1-Cl1 180.00 (2) As shown in Table 6 , in octahedral complex Cu(II)L2Cl2 (9) 
In Vitro Antitumor Activity
The in vitro antitumor potential of the free ligands 1-4 and copper(II) complexes 5-10 against human lung cancer (either LCLC-103H or A-427), human bladder cancer (either 5637 or RT-4), human cervical cancer (SISO), and human esophagus cancer (KYSE-520) cell lines was evaluated using a crystal violet microtiter plate assay as described earlier [26] . Primary screening of the new compounds was performed to indicate whether a substance possesses enough activity to inhibit cell growth by 50% at a concentration attainable in cancer cells, i.e., 20 µM.
The free ligands 1-4 were inactive, while the complexes of type 5 and 6 obtained from imidazolidin-2-ones, including these substituted with acyl group at the nitrogen atom, showed a remarkable inhibitory activity against lung cancer A-427 cell line (Table 8 ). It should be pointed out, however, that some copper(II) complexes, although fairly soluble in aprotic polar solvents such as DMF or DMSO, showed rather poor solubility in water and precipitated out of culture media. Therefore, Table 8 incorporates the results of primary screening obtained for the complexes that remained in solution at the test concentration of 20 μM. For secondary screening aimed at determining cytotoxic potencies (IC50) we selected imidazolidine-2-thione complexes 5h and 5j which exhibited a pronounced activity against at least three cancer cell lines. The results of secondary screenings are presented in Table 9 . Thus, for complexes 5h and 5j, both of which exhibited growth inhibitory effects against LCLC-103H, A-427, SISO, RT-4 and DAN-G cell lines, the calculated IC50 values were in the range of 8-25 µM. It is worth noting that most active (IC50 in the range of 8.55-12.80 µM) was compound 5j containing tert-butyl substituent at the position 4 of pyridine ring. This observation is in line with recent findings that an electron-donating tert-butyl group may stabilize a copper(II) complexes by increasing the electron density at the central ion which, in turn, elicits a "self-activating" mechanism of DNA strand scission through the generation of reactive oxygen species (ROS) that are possibly responsible for the DNA cleavage [27] [28] [29] . Further work will be needed to confirm this, however. 
Experimental Section
Melting points both the ligands and copper(II) complexes were determined on a Boetius apparatus and are uncorrected. FT-IR spectra were measured by Nicolet-380 spectrophotometer and Chromatographic separations were performed on silica gel 60 PF254 containing gypsum (Merck) by use of chromatotron or flash column chromatography (silica gel 0.040-0.063 mm). Thin-layer chromatography (TLC) was performed with Merck silica gel plates and spots were visualized with UV light at 254 nm.
The diffraction data for single crystals were collected with KM4CCD, Oxford Diffraction Xcalibur or Oxford Diffraction SuperNova diffractometers. The intensity data were processed using the CrysAlis software [30] . The structures were solved by direct methods with the program SHELXS-97 [31] and refined by full-matrix least-squares method on F 2 with SHELXL-97 [31] . Crystallographic data for compounds have been deposited with the Cambridge Crystallographic Data Centre, with the deposition Nos CCDC 986094, 986095, 986193-986202. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.
Elemental analyses of C, H and N were within ±0.4% of the theoretical values. All cell culture reagents were purchased from Sigma (Deisenhofen, FRG). Cancer cell lines: human large cell lung carcinoma LCLC-103H, human urinary bladder carcinoma 5637, human lung carcinoma A-427, human uterine cervical adenocarcinoma SISO, esophageal squamous cell carcinoma KYSE-520, human bladder cell carcinoma RT-4 and human pancreas cell adenocarcinoma DAN-G were obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ, Brauschweig, FRG). The culture medium for cell lines was RPMI-1640 medium containing 2 g/L HCO3, and 10% FCS. Cells were grown in 75 cm 2 plastic culture flasks (Sarstedt, Nümbrecht, FRG) in a humid atmosphere of 5% CO2 at 37 °C and were passaged shortly before becoming confluent.
For the cytotoxicity studies, 100 μL of a cell suspension were seeded into 96-well microtiter plates (Sarstedt) at a density of 1000 cell per well except for the LCLC-103H cell line, which was plated out at 250 cells per well. One day after plating, the cells were treated with test substance at five concentrations per compound. The 1000-fold concentrated stock solutions in DMF or DMSO were serially diluted by 50% in DMF or DMSO to give the feed solutions, which were diluted 500-fold into culture medium. The controls received just DMF or DMSO. Each concentration was tested in eight wells, with each well receiving 100 μL of the medium containing the substance. The concentration ranges were chosen to bracket the expected IC50 values as best as possible. Cells were then incubated for 96 h, after which time the medium was removed and replaced with 1% glutaraldehyde/PBS. Staining with crystal violet was done as previously described [26] . O.D. was measured at λ = 570 nm with an Anthos 2010 plate reader (Salzburg, Austria).
Corrected 
Synthesis of 1-Acyl-3-(2-pyridyl)imidazolidin-2-ones 3a-j (General Procedure)
Imidazolidin-2-one (0.001 mol) was refluxed in 5 mL of acetic anhydride or butyric anhydride for 6 h. The reaction mixture was concentrated under reduced pressure and basified with 20% solution of K2CO3. Precipitated was collected by suction, washed with water and dried. In case when oily residue was formed after addition of K2CO3 the product was extracted with chloroform (3 × 15 mL), dried with anhydrous MgSO4, filtrated and concentrated under reduced pressure. Product was purified by use of chromatotron, flash column chromatography or crystallization. According to described general procedure were obtained following compounds: 
1-Acetyl-3-(5-methyl-2-pyridyl)imidazolidin-2-one (3a
1-Acetyl-3-(4-methyl-2-pyridyl)imidazolidin-2-one (3b
1-Butyryl-3-(4-methyl-2-pyridyl)imidazolidin-2-one (3c
1-Acetyl-3-(4-tert-butyl-2-pyridyl)imidazolidin-2-one (3d
1-Acetyl-3-(4-phenyl-2-pyridyl)imidazolidin-2-one (3e
1-Acetyl-3-[4-(3-phenylpropyl)-2-pyridyl]imidazolidin-2-one (3g
1-Acetyl-3-(4-methoxy-2-pyridyl)imidazolidin-2-one (3h). Compound
1-Butyryl-3-(4-methoxy-2-pyridyl)imidazolidin-2-one (3i
1-Acetyl-3-(4-benzyloxy-2-pyridyl)imidazolidin-2-one (3j
Synthesis of N-(2-Pyridyl)imidazolidine-2-thiones 4a-c, e-g (General Procedure)
Appropriate N-(2-pyridyl)imidazolidin-2-one (0.001 mol) was refluxed with Lawesson's reagent (0.00075 mol) in anhydrous toluene (8 mL) for 12 h and concentrated under reduced pressure. The residue was extracted with chloroform (2 × 20 mL), dried with anhydrous MgSO4, filtrated and concentrated under reduced pressure. Product was separated from oily residue by use of chromatotron. According above given procedure were obtained following compounds: 
1-(2-Pyridyl)imidazolidine-2-thione (4a
1-(6-Methyl-2-pyridyl)imidazolidine-2-thione (4b
1-(5-Methyl-2-pyridyl)imidazolidine-2-thione (4c)
.
1-(4-Phenyl-2-pyridyl)imidazolidine-2-thione (4f
Synthesis of Copper(II) Complexes 5a-8k (General Procedure)
To a solution of appropriate ligand in 5 mL of ethanol or methanol was added dropwise at ambient temperature, copper(II) chloride dissolved in 1 mL of ethanol or methanol (in 1:1 molar ratio). The solution was left at room temperature and then the solvent was slowly evaporated. The resulting precipitate (a few minutes to 48 h) was filtered and washed with ethanol or methanol and dried in a desiccator. The following complexes were prepared according to above given procedure: , 16551 reflections measured, 3117 unique (Rint = 0.0944) which were used in all calculations. The final wR2 was 0.1678 (all data) and R1 was 0.0583 (I > 2σ (I)). In the diffraction pattern reflections with l = 2n + 1 were weak. The structure is strongly disordered with the complex molecule adopting three different overlapping orientations. The main orientation has an occupancy of 0.689(4) and the remaining ones 0.153(4) and 0.158 (4) . The atoms forming the minor orientation of the molecule were refined with a common isotropic temperature factor, except Cu, Cl and S atoms which were refined anisotropically. The geometry of the molecules in minor orientation was restricted to be the same as for the major orientation. Some restraints were also imposed on the planar fragments of the molecules. Crystal data for 6a CCDC no. 986200: C9H11Cl2CuN3O2, M = 327.65, triclinic, space group P-1 (no. , 7294 reflections measured, 2226 unique (Rint = 0.0366) which were used in all calculations. The final wR2 was 0.1024 (all data) and R1 was 0.0342 (I >2 σ (I)).
Dichloro[1-(2-pyridyl)imidazolidin-2-one]copper(II) (5a
Dichloro[1-(6-methyl-2-pyridyl)imidazolidin-2-one]copper(II) (5b)
Dichloro[1-(4-methyl-2-pyridyl)imidazolidin-2-one]copper(II) (5c
Dichloro[1-(4-methoxy-2-pyridyl)imidazolidin-2-one]copper(II) (5d
Dichloro[1-(5-methyl-2-pyridyl)imidazolidine-2-thione]copper(II) (5h
Dichloro[1-(4-methyl-2-pyridyl)imidazolidine-2-thione]copper(II)
(
Dichloro[1-(4-tert-butyl-2-pyridyl)imidazolidine-2-thione]copper(II) (5j
Dichloro[1-(4-phenyl-2-pyridyl)imidazolidine-2-thione]copper(II) (5k
Dichloro [1-(6-ethoxy-2-pyridyl) 
Dichloro[1,3-bis(4-methyl-2-pyridyl)imidazolidin-2-one]copper(II)
. H2O (7) . Solvent: methanol, green crystals; mp. 170-172°C; IR (KBr) ν [cm , 7039 reflections measured, 3517 unique (Rint = 0.0181) which were used in all calculations. The final wR2 was 0.0742 (all data) and R1 was 0.0287 (I > 2σ (I)). , 7717 reflections measured, 1832 unique (Rint = 0.0450) which were used in all calculations. The final wR2 was 0.0803 (all data) and R1 was 0.0321 (I > 2σ (I)). (10a, 10b) . 1-(4-Phenyl-2-pyridyl)imidazolidin-2-one (0.1 g, 0.00042 mol) was dissolved in 7 mL of N,N-dimethylformamide and copper(II) chloride (0.107 g, 0.00063 mol) was added. After two weeks of slow evaporation at room temperature green crystals suitable for the X-ray analysis were collected, washed with small amount of solvent and dried. Obtained 0.06 g of a mixture of complex compounds 10a and 10b, mp. 208-211 °C; IR (KBr) ν [cm 
Dichloro[1,3-bis(2-pyridyl)imidazolidin-2-one]copper(II) (8a
Dichloro[1-acetyl-3-(5-methyl-2-pyridyl)imidazolidin-2-one]copper(II) (8b
Dichloro{bis[1-(4-phenyl-2-pyridyl)imidazolidin-2-one]}copper(II)
Dichloro{bis[1-(4-methoxy-2-pyridyl)imidazolidin-2-one]}copper(II)
. H2O (10c). 1-(4-Methoxy-2-pyridyl)imidazolidin-2-one (0.1 g; 0.00052 mol) was dissolved in 7 mL of N,N-dimethylformamide and copper(II) chloride (0.132 g, 0.00078 mol) was added. After two weeks of slow evaporation at room temperature blue crystals suitable for the X-ray analysis were collected, washed with small amount of solvent and dried. Obtained 0.05 g of complex compound 10c, yield 36%: C18H22Cl2CuN6O4 , 36883 reflections measured, 9877 unique (Rint = 0.0225) which were used in all calculations. The final wR2 was 0.0576 (all data) and R1 was 0.0227 (I > 2σ (I)).
Conclusions
The X-ray crystallography revealed that the 1-(2-pyridyl)imidazolidin-2-ones 1-3 and 1-(2-pyridyl)imidazolidine-2-thiones 4 behaved as neutral bidentate ligands, bonding to the copper(II) ion through the nitrogen atom of pyridine ring and oxygen or sulfur atom of imidazolidin-2-one(thione) moiety. Analysis of the structure-activity relationships of anticancer activities of the diverse complexes 5-10 revealed that the most active against a panel of 5 human tumor cell lines was dichloro[1-(4-tert-butyl-2-pyridyl)imidazolidine-2-thione]copper(II) (5j), which may act as a "self-activating" chemical nuclease, and therefore, may serve as a lead structure for further development of novel anticancer agents.
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